Electromagnetic spectrum distribution prediction is the basis for the development of wireless communication technology. Due to the high randomness of the rough sea surface, it is difficult to accurately predict the offshore electromagnetic spectrum distribution. We present a prediction model of offshore electromagnetic spectrum distribution based on ray tracing method and Pierson-Moskowitz (PM) wave spectrum model. Based on the antenna attitude and the antenna directional pattern, the field strength calculation formulas of the electromagnetic wave sight line ray (SLR) propagation and the electromagnetic wave reflecting line ray (RLR) propagation off the sea surface are established. As the sea surface and the antenna attitude change, the effective rays from the transmitting antenna to the receiving antenna also change. This paper focus on the electromagnetic spectrum distribution prediction by calculating the effective angle (EA) of the transmitting antenna. We relate the EA to the antenna tilt angle and the antenna directional pattern, and combine the PM wave spectrum to establish the offshore electromagnetic spectrum distribution prediction models. Finally, we simulated the electromagnetic spectrum distribution prediction based on specific PM wave spectrum data.
I. INTRODUCTION
In the 21st century, the ocean is being a large scale developed and used. In order to improve the ability of marine resources development and accelerate the cultivation of emerging marine industries, it is necessary to develop marine science and technology, and promote the construction of ''Wisdom Ocean''. Wireless communication is an important means of communication in the course of maritime activities. Electromagnetic spectrum sensing and prediction are the basis for describing the wireless communication environment. The tilt angle of the antenna affects the quality of the maritime communication. The complex and variable sea surface environment makes the antenna inclination change continuously, which is the main reason for the unpredictable electromagnetic spectrum distribution. In this paper, the offshore electromagnetic spectrum distribution prediction method based on ray tracing method and The associate editor coordinating the review of this manuscript and approving it for publication was Derek Abbott . offshore environment (antenna attitude and rough sea surface) is studied.
A. RELATED WORKS
The quality of maritime communications will be affected by factors such as wave fluctuations, transmission power, communication distance, etc. The sway of the ship causes the tilt angle of the transmitting antenna to continuously change. Therefore, the continuous change of the received signal strength at the receiving point causes the physical link of maritime communication to be unstable. The energy of offshore signal sources is mainly lost during free propagation. The sea surface also reflects a portion of the energy into the air. In order to improve the prediction accuracy, a more accurate description of the geometric characteristics of the sea surface and the antenna attitude is required. Reference [1] proposes the concept of wave spectrum, which describes the energy of waves at different frequencies.
Reference [2] considers the geometrical contour of the sea surface as a highly complex and highly random and uncertain time-varying function. Reference [3] establishes an empirical sea spectrum based on North Atlantic observation data. In order to ensure the stability of the sea surface and wind speed, the PM spectrum was established under observation at the same reference altitude for a long time. After accurately describing the environment, the computational electromagnetic method can effectively improve the accuracy of the spatial electromagnetic spectrum distribution. Reference [4] proposes an progressive and approximate techniques for ray-tracing systems used to predict radio propagation. The methods provide flexible mechanisms to trade prediction accuracy for prediction time. In the case of known environmental parameters, the ray tracing method can accurately calculate the electromagnetic spectrum distribution. The complex environment at sea is highly random, and the stochastic process methods are used to improve the fit of the sea surface. Reference [5] proposes the ray-based Monte Carlo methods to analyze maritime communications between ship and coastal stations. Reference [6] presents the ray tracing algorithm based on the two-scale model to quickly calculate the large-scale sea surface electromagnetic scattering. The factors affecting maritime communication are mainly ocean waves. The ray tracing method is very suitable for analyzing the electromagnetic environment at sea. Reference [7] presents the finite difference time domain (FDTD) method to simulate radar scattering at sea with very large FDTD domains. It can reach tens of thousands of wavelengths long. The FDTD method is widely used for parallel computing. However, the amount of computation and memory required by the FDTD method is enormous. Compared with the FDTD method, the ray tracing method is easier to implement. Reference [8] calculates the radio scattering with office building by ray tracing method. The deterministic model is not suitable for randomly changing offshore environment. The ray tracing predictive method combined with the environment is more suitable for the offshore environment. Reference [9] presents the parabolic equation propagation model to detect the availability of blank TV bands in the southwest of the UK. The complexity of parabolic equation method is lower than FDTD method in far field computational. Reference [10] proposes using the parabolic equation method to predict the electromagnetic wave propagation in the atmospheric environment. These computational electromagnetic methods are iteratively calculating the field distribution of adjacent spaces and finally obtaining the energy distribution of the entire field. The ray tracing method in this paper can directly calculate the final field strength at the receiving point by the ray distribution. This method is very suitable for the study of offshore communication channel models. The uniform theory of diffraction (UTD) is mainly used to calculate the electromagnetic wave propagation characteristics of obstacles with sharp edges. [11] , [12] propose UTD of electromagnetic waves in different scenarios. However, there are no sharp corners on the rough sea surface, which can be seen as an infinite number of planes. The main marine environment in this paper is rough sea surface, regardless of islands, reefs, etc. We focuses on the distribution prediction model of the electromagnetic spectrum in the offshore environment. Due to the limitation of calculation amount, this paper mainly considers the energy distribution characteristics in large-scale space after being affected by rough sea surface reflection.
B. CONTRIBUTION
Traditional marine electromagnetic wave prediction models are mostly based on deterministic models. These algorithms are not suitable for use in complex and variational environments at sea. We apply the ray tracing method to the prediction of offshore electromagnetic spectrum distribution to improve the prediction accuracy in randomly changing offshore environment. Based on the environmental data of PM wave spectrum and antenna attitude, a prediction model of offshore electromagnetic spectrum distribution based on ray tracing method is established. In order to simplify the calculation, the sharp diffraction phenomenon of electromagnetic waves at sea surface can be ignored. The sea surface composed of seawater can be regarded as multiple smooth sea planes. It is subdivided into a number of planes according to the calculation precision to estimate the reflected ray distribution. According to the principle of geometrical optics (GO), the effective reflection surface and effective rays are quickly determined to improve computational efficiency. The prediction model of the electromagnetic spectrum distribution mentioned in this article considers three cases of antenna tilt. Based on the generated PM wave spectrum environmental data, simulation experiments are carried out on the prediction model. The experimental results show that the model can accurately predict the electromagnetic spectrum distribution in the sea under dynamic environment.
Specifically, the contribution of this paper can be summarized as follows:
• In Section II, ray tracing method is used to build the offshore electromagnetic spectrum prediction model based on antenna attitude and PM wave spectrum.
• In Section III, we present two-dimensional offshore electromagnetic spectrum prediction models. Based on the antenna attitude and the rough sea surface, we propose effective angle to estimate the two-dimensional ray distribution.
• In Section IV, we present three-dimensional offshore electromagnetic spectrum prediction models. We use the pitch angles and the roll angles to describe the reflection sea plane. According to the relationship between the ray plane and the receiving sphere, the three-dimensional offshore electromagnetic spectrum estimation method in the rough sea environment is studied.
• In Section V, we perform simulation and analysis based on models and specific PM wave spectrum data.
• In Section VI, we summarize the current work and future outlook. 
II. THE OFFSHORE ELECTROMAGNETIC SPECTRUM PREDICTION MODEL BASED ON RAY TRACING METHOD AND OFFSHORE ENVIRONMENT
The directional pattern of the whip antenna is discussed in this article. On the vertical plane, the directional pattern of the symmetrical oscillator antenna is shown in Figure 1 . The directional pattern of the symmetrical oscillator antenna in H plane is a circle. This paper mainly considers the influence of the antenna tilt angle in the horizontal direction. With the antenna as the center point, electromagnetic waves propagate around as the spherical wave. Based on the polar coordinates, the antenna gains in the 0 • and 180 • directions are the highest.
To the two ends of the antenna, approaching 90 • or 270 • , the antenna gain is gradually reduced. The energy in each direction is the initial energy of the spatial electromagnetic distribution estimation. In the process of electromagnetic waves propagating at sea, the rough sea surface produces many definite instantaneous reflecting plane. The propagation path of the ray changes, and the electromagnetic distribution is difficult to estimate. The PM wave spectrum is used as the reflecting plane, and the ray tracing method is combined to improve the electromagnetic distribution estimation accuracy.
According to the two-path propagation model, the energy of the electromagnetic wave is mainly composed of the SLR propagation and the RLR propagation. When both the transmitting antenna and the receiving antenna are perpendicular to the water surface, the SLR propagation of the antenna contains most of the energy. When the sea surface fluctuation is small, the tilt angle of the transmitting antenna is small. In the horizontal direction of the antenna, the number of rays with strong energy reaching the receiving antenna is large, so the received signal strength of the receiving antenna is high. When the sea surface fluctuates greatly, the probability that the rays with strong energy reach the receiving antenna is reduced. Only some of the weaker rays can reach the receiving antenna. The received signal strength of the receiving antenna is greatly reduced. In addition, the distribution of the reflecting plane with the PM wave spectrum directly affects the number of rays reaching the receiving antenna. Among them, parameters such as antenna pattern, antenna tilt angle and distance are crucial. 
A. ANTENNAS VERTICAL LEVEL
We divide the rays of the transmitting antenna into primary ray beam (PRB) and secondary ray beam (SRB). The PRB is a beam of rays in the direction of the main lobe (±3 dB lobe width) on the horizontal plane. They contain most of the energy of the transmitting antenna. The SRB is a beam of rays in the direction of the sub lobes. The number of SRBs is large, but the energy of SRB is small. A partial angle of the directional pattern from the transmitting antenna can only reach the receiving antenna through SLR propagation. The corresponding angle is defined as the effective angle (EA). As shown in Figure 2 . The effective angle can be divided into an effective direct angle (EDA) and an effective reflection angle (ERA). This paper focuses on the electromagnetism estimation method with the PM wave spectrum base on the rays of the EDA and the ERA. It is assumed that the ERA of the transmitting antenna passing through the sea surface is ϕ ERA ∈ [α I 1 , α I 2 ]. α I 1 and α I 2 are the incident angles of the SRB at one reflecting plane. It can be expressed as
Assume that the antenna length is defined as L TA and L RA , respectively. The antenna height is defined as H TA and H RA , respectively. The communication distance is defined as L. The horizontal distance of the transmitting antenna position to the reflection point 1 is assumed to be x 1 , and the horizontal distance to the reflection point 2 is x 2 . The final field strength (E) of a ray is related to the optical path of the ray. It can be expressed as [13] 
where the radiated power of the transmitting antenna is defined as P T . The gain of the transmitting antenna is defined as G T . The distance between the transmitting antenna and the receiving point is defined as r. The directional pattern of the transmitting antenna is defined as F( , ϕ). The elevation angle of the antenna directional pattern is defined as . The heading angle of the antenna directional pattern is defined as ϕ. For omnidirectional antennas, it can be omitted as F( ).
Assume the intersection of the ray (Rx) and the receiving antenna. The height of intersection is defined as h. The pitch angles of the transmitting antenna ray in the horizontal direction is defined as β. It can be expressed as
According to the ray tracing method and (2), the r can be obtained by calculating the optical path of the ray. The optical path of the SLR propagation can be express as
In the case of SLR propagation, the EDA can be expressed as
when H RA = H TA and L RA = L TA , there is ϕ EDA = 2 arctan 0.5L RA L . The final field strength of one ray E SLR in the SLR propagation can be expressed as
The final field strength of the SLR propagation can be expressed as
Assume that the area between the antennas is a plane, the reflecting plane is located at the center point between the antennas. So α I 1 = α R1 , α I 2 = α R2 . It can be expressed as
The reflection point distance on the plane can be expressed as
According to equations (8) and (9), the angle range of the ϕ ERA on the plane can be expressed as
The optical path of the RLR propagation can be express as
The final field strength of the ray reaching the reflecting plane (point R) can be expressed as
The final field strength of Rx is defined as E RLR . It can be expressed as
where the wavelength of the ray is defined as λ. The vertical and parallel polarization components of the final field strength of the incident ray at the reflection point R are defined as E RLR ⊥ and E RLR , respectively. The phase accumulation of the reflected wave from Tx to point R and then to Rx is defined as e jk(S I +S R ) . The wave number is defined as k = 2π λ . The amplitude diffusion factor from point R to Rx is defined as A(S R ) = S I S I +S R . The reflection coefficients of the vertical polarization and the parallel polarization can be expressed as
where θ = 90 • − α. The reflection coefficient is defined as ε. It is directly affected by environmental factors. The reflection coefficient is derived from the case of plane wave propagation. It can be expressed as [13] 
where the relative dielectric constant of the medium is defined as ε r . The conductivity of the medium is defined as σ . The ε of the medium is related to the wavelength of the electromagnetic wave. This paper mainly establishes the prediction model of offshore electromagnetic spectrum distribution based on ray tracing method and PM wave spectrum. The relative dielectric constant and conductivity of sea are affected by the salinity and temperature. The value of the reflection coefficient of the sea surface is not the main research content. The final field strength of the RLR propagation can be expressed as
Reflecting planes at different incidence angles as shown in Figure 3 . The incident angle of the ray is defined as θ. In the rough sea surface, both the transmitting and receiving antennas are perpendicular to the horizontal plane, as shown in Figure 4 . The tangent plane of the rough sea surface is defined as reflecting plane. In the horizontal direction, the pitch angle of the reflecting plane is defined as η(x). The η(x) is a function of x, which is determined by the PM wave spectrum. It can be obtained from the PM wave spectrum. According to the reflection principle, when the reflecting plane is located to the left of the center point, so η(x) < 0 • is shown in Figure 3 (b). When the reflecting plane is located to the right of the center point, so η(x) > 0 • is shown in Figure 3 According to (17) , the h(x) can be expressed as
the rays fall on the antenna. There are defined as the effective rays, and the corresponding ϕ ERA is one of the ERAs. In the case of vertical horizontal antenna, the ERA can be expressed as
The process of calculating the final field strength of the reflected ray can be converted to decide whether the h(x) meets the conditions, and estimates β, r SLR (β), α I , α R , S I , S R .
B. ONE ANTENNA TILT LEVEL
As shown in Figure 5 . In the case of one antenna tilt, such as between the ship and the coast, the ϕ of directional pattern is changed and the EA of the antenna is affected. The EDA of the directional pattern is changed, so the energy of the rays linear reaching the receiving antenna has dropped. After the antenna is tilted, the height and position of the launch point are offset. Assume that the tilt of the transmitting antenna is defined as ϕ TA . The tilt height is defined as H TA . The tilt position is defined as L TA . The EDA is related to the offset height and position. (5) can be modified to get the EDA of one antenna tilt. It can be expressed as
where H TA = (0.5L TA + H TA ) cos ϕ TA L TA = (0.5L TA + H TA ) sin ϕ TA Then, (18) can be modified to get the h (x) of one antenna tilt. The parameters of the ray in one antenna tilt can be expressed as 
The final field strength of one ray in the SLR propagation can be expressed as
The ERA of one antenna tilt can be expressed as 
where
(18) can be modified to get the h (x) of broth antennas tilt. In the case of the tilt angle ϕ RA , the distance of the radiation receiving point on the receiving antenna from the horizontal vertical line is defined as l. The parameters of the ray in both antennas tilt can be expressed as
are the effective rays. The final field strength of one ray in the SLR propagation can be expressed as
The ERA of broth antennas tilt can be expressed as
The final field strength of the RLR in one antenna tilt level and in both antennas tilt level can be directly calculated according to (2) and (16) . The field strength at the last field is the sum of E SLR and E RLR .
III. VERTICAL TWO-DIMENSIONAL PREDICTION MODEL OF OFFSHORE ELECTROMAGNETIC SPECTRUM DISTRIBUTION BASE ON RAY-TRACING METHOD
The three cases mentioned above include most of the states of electromagnetic wave propagation at sea. In order to estimate a wide range of offshore electromagnetic spectrum distribution, the length of the receiving antenna is ignored and the receiving antenna is regarded as a receiving point. In order to VOLUME 7, 2019 This section ignores the length of the receiving antenna, so the EDA and the ERA are not considered. It is assumed that G T = 1. Based on the one antenna tilt mentioned above, the receiving antenna is replaced by the receiving point, then h (x) = H R . According to (6) and (21), the final field strength of the SLR propagation can be expressed as
According to (17) , the θ can be expressed as
This paper focuses on vertically polarized antennas. We mainly study the loss of the vertical polarization component ray after reflection. ε sea is the dielectric constant of sea water. In order to consider different wave heights, the relative height h(x) of the reflection points is introduced. According to (12) , (13), (21) and (31), the final field strength of the RLR propagation can be expressed as
where 
Suppose the center frequency of a signal is 763 MHz in TV white space, so λ = v/f ≈ 0.39 m. We assume that the ε r,sea is 81, the σ sea is 4 s/m. According to (15) , there are ε sea = 81 − 93.6 j Knowing the location of the source point and the receiving point, based on the instantaneous PM wave spectrum, the position of the total reflection point is the effective reflecting plane. In the process of calculating the electromagnetic spectrum distribution using the ray tracing method, it is important to find effective reflected rays. Whether the ray is an effective ray must satisfy both the conditions as
In this paper, the rays with secondary reflection from the sea surface, the rays whose incident rays are blocked by the preface sea surface, and the rays whose reflected rays are blocked by the subsequent sea surface are regarded as invalid reflected rays. Assume that the center of the receiving circle is the receiving point position and the radius of the receiving circle is R. Rays falling within a circle will contribute to the final field strength of the receiving point. As shown in Figure 8 . Under the same rough sea surface, the antenna position change can be neglected with respect to the communication distance as the antenna tilt angle changes. The number of rays reaching the receiving circle does not change, but the F( ) of each ray changes.
The more the number of rays, the higher the calculation accuracy, but the amount of calculation will increase. In order to speed up the algorithm, we propose to quickly eliminate invalid rays according to the shape and position of the wave spectrum. Knowing the location of the source When the position of the reflection point is smaller than x 0 , the ray whose η(x) is greater than 0 will not reach the receiving circle. Similarly, when the position of the reflection point is larger than x 0 , the ray whose η(x) is less than 0 cannot reach the receiving circle. Therefore, the 1st pre-judgment condition of the effective ray in two-dimensional prediction model can be expressed as
The tangent to the reflection point to the receiving circle is used as a boundary to quickly determine whether the reflected ray can reach the receiving circle. According to (32), the horizontal angle of the receiving circle can be expressed as
Suppose the radius of the receiving circle is r. The effective angle at which the reflected ray reaches the receiving circle can be expressed as
Regarding the η(x) parameter, the horizontal angle between the incident ray and the reflected ray can be expressed as
According to (37), when the value of α R is in the range of α R−CIR , it can be judged that the ray can reach the receiving circle. The 2nd pre-judgment condition of the effective ray in two-dimensional prediction model can be expressed as
(38) The judgment conditions of (33) can be modified to (34) and (38). The field strength of the receiving circle is calculated after satisfying the two decision conditions as effective rays.
Electromagnetic waves propagating in large-scale space will be highly affected by the earth curvature. In addition, the formation of sea surface water vapor affects the refractive index distribution of the atmosphere. The formation of an atmospheric waveguide on the sea surface causes an over-thehorizon propagation phenomenon of electromagnetic waves. The effect of the atmosphere on the propagation of radio waves can be reflected by the atmosphere refractive index. The atmospheric refractive index distribution can be given as a function or as measurement data. According to the characteristics of atmospheric stratification, a statistical model can be established for the atmosphere refractive index. The distribution of atmospheric refractive index can be given by a specific function. The main models are linear model, exponential model and three-segment model [14] , [15] . The linear model is used in this paper. The corrected atmospheric refractive index (M ) at different height distances is expressed as Table 1 .
According to the height of the atmospheric waveguide from the ground, it can be divided into a low-altitude waveguide, a suspended waveguide and an elevated waveguide. Whether the electric wave can form the over-the-horizon propagation in the atmospheric waveguide is mainly affected by the propagation angle of the electric wave and the thickness of the waveguide layer and the gradient of the refractive index. The height of the estimated space is divided into linearly varying refractive index. Based on the ray model discussed above, the effects of the earth curvature and atmospheric refraction on the ray distribution are corrected. The sea level is 0 m. As the height increases, the refractive index increases (n 1 < n 2 ). The ray refraction law is n 1 sin θ 1 = n 2 sin θ 2 . When α > 0 • , the refractive index increases and the refraction angle decreases. As the ray propagates, the ray will gradually become perpendicular to the horizontal plane. When α < 0 • , the refractive index decreases and the refraction angle increases. As the ray propagates, the ray will gradually level to the horizontal plane. As shown in Figure 10 .
Due to the divergence between the rays, the far-field ray density decreases sharply as the ray propagates. We propose an equal multiple slow decay method to initialize angle and obtain the estimated angle in advance. The initial angle is defined as α , and the multiple is defined as D. The ray of different angel is traversed with the source point as the center point. According to α = 0 • , the source rays are divided into two categories. The estimated space height is divided according to the refractive index. The slope and optical path of each ray in different layers are calculated from the incident angle. In this paper, we ignore the energy loss of atmospheric refraction and only consider the path loss of the optical path to describe ray distribution estimate algorithm in atmospheric refraction and earth curvature (see Algorithm 1).
IV. THREE-DIMENSIONAL PREDICTION MODEL OF OFFSHORE ELECTROMAGNETIC SPECTRUM DISTRIBUTION BASE ON RAY-TRACING METHOD
In the two-dimensional model, the ray is mainly affected by the pitch angle of the reflecting plane. However, in the actual three-dimensional rough sea environment, the reflecting plane is also affected by the roll angle. Due to the change of the waves, the state of each reflecting plane of the rough sea surface is different. The state of the reflecting plane is described in terms of the pitch angle and the roll angle of the reflecting plane. As shown in Figure 11 . The angle formed by the reflecting plane and the x-axis is the pitch angle of the reflecting plane. The pitch angle of the reflecting plane with the direction of the y-axis in Figure 11 is positive. It is equivalent to the η mentioned above. The pitch angle of the reflecting plane is defined as η(x, y). The angle formed by the reflecting plane and the y-axis is the roll angle of the reflecting plane. According to the right-hand rule, the roll angle of the reflecting plane with the direction of the x-axis in Figure 11 is positive. The roll angle of the reflecting plane is defined as δ(x, y). Among them, the pitch angle and the roll angle are both a function of x and y.
Assuming that the point s is the source, the point Rx is the receiving point. The point m is the intersection of the incident ray sm on the reflecting plane. n is the normal vector of the Algorithm 1 Ray Distribution Estimate Algorithm in Atmospheric Refraction and Earth Curvature Input:
The initial angle, α ; The multiple, D;
The source height, h;
The antenna pattern, f (α); Output: 1 end for 25: end for reflecting plane. The face formed by sm and n is defined as the ray plane. According to the principle of GO, the reflected ray mRx is coplanar with the incident ray sm and the normal n. It is known that the normal vector of the x-y plane is n 0 = [0, 0, 1]. Then the n can be expressed as
Calculate the projection of sm above n and amplify n. The normal vector after amplification can be expressed as n a = n(sm · n) |n| (40)
Suppose the intersection line of the ray plane and the reflecting plane is l. The relationship is satisfied as
The reflected ray can be expressed in the form of a vector mRx = n a + (sm + n a ) (42) In the three-dimensional prediction model, the condition of the effective ray is that the ray plane must pass through the receiving ball. The equation of the ray plane can be obtained by the cross-multiplication of the reflecting plane normal vector and the incident ray vector as
Suppose the ray plane of a ray is Ax + By + Cz = 0, the coordinates of the center of the receiving sphere is r(x r , y r , z r ). When the distance from the center of the receiving ball to the plane is less than the r of the receiving ball, it is determined that the ray plane passes the receiving ball. The 1st pre-judgment condition of the effective ray in three-dimensional prediction model can be expressed as
After confirming that the ray plane passes the receiving sphere, it is possible to determine whether the ray is an effective ray by the 2nd pre-judgment condition in the two-dimensional prediction model. The spatial distance calculation problem is converted into a point to reflected ray distance calculation problem. That is, whether the distance from the receiving ball to the reflected ray is calculated to be less than or equal to the r of the receiving ball. According to the vector mr and the reflected ray vector mRx, the 2nd pre-judgment condition of the effective ray in three-dimensional prediction model can be expressed as |mr| sin mr, mRx = |mr × mRx| |mRx|
As the ray resolution increases, the calculation of the electromagnetic spectrum based on the spatial PM wave spectrum will take up more memory space. Therefore, accelerating the estimated effective ray algorithm will improve the engineering application capability of the predictive model.
V. EXPERIMENT AND SIMULATION
Suppose parameters of simulated environment are 3 level sea breeze, 50 m distance, 0.1 m x-axis calculation interval, 0.01 m y-axis calculation interval, 10 m height and 1 W transmission power, a rough sea surface is generated by PM wave spectrum model. Knowing the source point location and the rough sea surface, it is possible to screen out the effective ray in the current PM wave spectrum environment. Since the source point position changes much less than the communication distance, it can be ignored. Even if the antenna tilt angle changes, the ray distribution from the source point to the receiving point does not change. The direct ray angle calculation interval is defined asβ. Assume that r = 0.05 m, β = 0.1 • , the effective ray reaching the receiving circle of the two-dimensional prediction model as shown in Figure 12 . The number of rays actually reaching the receiving circle is small, and the field strength of the receiving point can be quickly calculated.
The final field strength of the rays in different antenna title angle are calculated as Table 2 . When r = 0.05 m, there are two rays that arrive at the receiving circle in the SLR propagation, and five rays in the RLR propagation. As the tilt angle increases, the antenna directional pattern changes, and the total energy at the receiving circle decreases. The final field strength of each ray at different antenna tilt angles is calculated based on the antenna directional pattern of Figure 1 . When the transmitting antenna is tilted forward, ϕ T > 0 • . When the transmitting antenna is tilted backward, ϕ T < 0 • . From the data in Table 2 , the antenna tilt has a great influence on the energy of receiving circle. The antenna is tilted backwards, which will result in a significant reduction in the energy of the receiving circle.
In the above PM wave spectrum environment, all the effective reflected rays are screened out by the estimation algorithm. The reflected rays distribution of two-dimensional prediction model is shown in Figure 13 .
The SLR propagation energy distribution and the RLR propagation energy distribution of the target region are respectively calculated based on (30) and (32). The two-dimensional distribution of the predicted electromagnetic energy of the sea is obtained. The energy distribution of the signal source in the SLR propagation is shown in Figure 14 . As the propagation distance increases, the energy of the signal decreases. As the angle of propagation changes, the energy of the signal source is different.
The number of reflected rays are affected by the accuracy of the calculation step. The smaller the calculation interval, the more rays calculated, the higher the energy distribution estimation accuracy, but the amount of calculation will also increase. The energy distribution of the signal source in the RLR propagation is shown in Figure 15 .
By superimposing the energy distributions of SLR propagation and RLR propagation, the energy distribution of offshore electromagnetic waves based on instantaneous PM wave spectrum can be obtained. The electromagnetic wave energy distribution is calculated in antenna forward tilt is shown in Figure 16 . As the forward tilt angle increases, the energy near a portion of the source increases. The electromagnetic wave energy distribution is calculated in antenna backward tilt is shown in Figure 17 . As the backward tilt angle of the transmitting antenna increases, the field strength of the reflected ray decreases. When ϕ T = −45 • , the field strength of the sea surface reflected rays can be ignored. The offshore electromagnetic waves energy distribution can be expressed directly by the SLR propagation. Polarization mismatch between transmitting antenna and receiving antenna can affect the quality of the communication. References [16] , [17] study the effect of antenna polarization mismatch on the quality of microwave communication. Antenna tilting in a offshore environment results in polarization mismatch between the antennas. According to the previous analysis, we mainly describe the far-field energy distribution in combination with the antenna directional pattern change and PM wave spectrum. The antenna polarization mismatch eventually leads to energy attenuation in the field. When the transmitting antenna and the receiving antenna are horizontal, the farther the distance is, the weaker the received signal strength is. When the antenna is tilted, the antenna pattern is tilted and the energy of the radiation is attenuated. The final field strength of each of the direct and reflected rays is accurately calculated according to (2) and the optical path. The influence of the antenna tilt angle on the final field strength of the receiving point is shown in Table 2 .
The offshore electromagnetic waves energy distribution of two-dimensional prediction model in atmospheric refraction and earth curvature is shown in Figure 18 . Due to atmospheric refraction, the rays of ϕ T < 0 • after long-distance propagation are gradually refracted into horizontal beams. The ray of ϕ T > 0 • gradually diverges and is refracted upward into the atmosphere.
The antenna tilt angle has a great influence on the prediction of the electromagnetic energy distribution at sea. The ray distribution is affected by the PM wave spectrum environment, and the energy distribution is mainly determined by the variation of the tilt angle of the transmitting antenna. According to the above analysis, the simulation results of the three-dimensional prediction model can also be obtained. The effective ray reaching the receiving ball of the three-dimensional prediction model is shown in Figure 19 . The target space is 500 m × 500 m × 10 m area. When r = 0.05 m, it is easy to get β = 0.08 • . Becauseβ = 0.1 • , there is one rays that arrive at the receiving circle in the SLR propagation, E SLR = 2.3 mV/m. In the RLR propagation, the reflecting plane between the source point and the receiving point is affected by η(x, y) and δ(x, y). In the PM wave spectrum data simulated in this paper, only one reflected ray reaches the receiving ball, E RLR = 2.2 mV/m.
The reflected rays distribution of three-dimensional prediction model is shown in Figure 20 . According to the specific PM wave spectrum environmental data, the effective rays of the target area can be obtained. It is very important for realizing the prediction and estimation of the offshore electromagnetic spectrum distribution. Due to the varied offshore environment, the use of deterministic spectrum distribution prediction models will have large prediction errors. According to the PM wave spectrum data, the real-time offshore electromagnetic spectrum distribution can be calculated by the prediction model based on the ray tracing method. But the amount of calculations can be huge. In the engineering calculation process, the acceleration algorithm is required to pre-determine the effective reflecting plane, then calculate effective rays, finally improve the calculation efficiency. We will focus on the calculation acceleration algorithm in the future.
VI. CONCLUSION
Based on the ray tracing method, we focus on the dynamic offshore electromagnetic spectrum distribution prediction method in this paper. By calculating the ϕ EDA and the ϕ ERA , the antenna direction angle corresponding to the effective ray is obtained. Combine the PM wave spectrum to describe the complex sea surface environment in detail. The antenna tilt angle and the reflecting plane horizontal angle of the sea surface are used to calculate the energy distribution in the SLR propagation and the RLR propagation. Based on the decision effective reflecting plane, the calculation of the effective reflected ray at the receiving point is accelerated. Finally, we establish the offshore electromagnetic spectrum distribution prediction models base on ray tracing method. The prediction model is simulated with different antenna tilt angles. The PM wave spectrum environmental data and the antenna tilt angle have a decisive influence on the final offshore electromagnetic spectrum distribution. The ray tracing model mentioned in this paper can provide a basis for studying maritime wireless communication channels and spatial electromagnetic spectrum distribution prediction. The method has a high calculation accuracy, but it brings high computational pressure to the device. Acceleration algorithms are an indispensable part of engineering. In the future, we will focus on the acceleration algorithm of the prediction model.
